NTRACRANIAL vascular malformations were originally classified by McCormick 31 into four types: discrete venous, arteriovenous, capillary, and CMs, each with distinct pathological criteria for definition. The range of imaging characteristics and clinical manifestations that generally differentiate them have been characterized in several studies. Recently, mixed or transitional vascular malformations with pathological features of more than one type of malformation within the same lesion have been described. The detection of a wide spectrum of intermediate forms of McCormick's original categories suggests that these lesions might be a continuum of progression of a single pathological process. Investigators have described the simultaneous occurrence of venous malformations and CMs, 8, 11, 13, 27, 36, 41, 44 arteriovenous and venous malformations, 16, 19, 20, 33 CMs with arteriovenous or capillary components, 25, 34, 47 and capillary telangiectasias associated with venous malformations. 30, 45 In addition, authors have described venous malformations associated with both a CM and a capillary telangiectasia.
The coexistence of a CM and a DVA is the most common mixed vascular malformation. 44 The natural history of this mixed phenotype is unclear, making it difficult to determine a long-term prognosis for symptomatic and asymptomatic patients. Moreover, much controversy exists about the biological behavior and the management of the DVAs associated with the CM. Even though most authors agree that microsurgical resection of the CM alone provides protection against future bleeding, [35] [36] [37] 40 some reports raise the question whether the abnormal draining vein is the actual area of disease that induces the blood flow disturbances, which in turn result in the formation of a CM (de novo and recurrent). 4, 10, 47, 48 In this article, we review the possible pathophysiological implications of the association between CMs and DVAs. We also discuss diagnostic and therapeutic implications of this mixed phenotype.
Prevalence of Associated DVAs and CMs: Diagnostic and Pathological Controversies
Developmental venous anomalies (also referred to as venous malformations, venous angiomas, medullary venous malformations, or caput medusae) are composed of radially arranged medullary veins resembling a "caput medusae" surrounded by normal neural parenchyma and converging in a centrally located dilated trunk. The DVA drains toward either the superficial system or, rarely, the deep venous system; there is no abnormal arteriovenous shunt placement process. Developmental venous anomalies are the most common intracranial vascular malformation, accounting for more than 60% of all intracranial vascular lesions. 29 They are encountered in up to 2.5% of autopsy cases, 39 although MR imaging-based studies have indicated a much lower incidence ranging from 0.14 to 0.7%. 44, 46 Much discrepancy exists in the literature concerning the prevalence of the coexistence of CMs and DVAs. Since the first description in 1974 by Roberson, et al., 38 of an association between a DVA and a CM, authors of several subsequent series have stressed this association. 1, 2, 4, 35, 46, 48, 49 Based on findings from MR imaging studies, Abdulrauf, et al., 1 identified 13 (24%) of 55 patients with CMs who had associated DVAs. A similar percentage was reported by Wurm, et al., 48 who noticed such an association in 15 (25.9%) of 58 patients based on MR imaging and intraoperative findings. In a series of 86 surgically treated patients with brainstem CMs, Porter, et al., 35 found a DVA intimately associated with each resected CM. These anomalies were defined as "abnormal veins in the resection bed of the cavernous malformation." In I the same series preoperative MR imaging findings were consistent with the "classic" DVA appearance on 32% of 73 preoperative MR images and in 14% of 50 angiographic studies. This observation suggests that the prevalence of associated DVAs may be underestimated even when high-field MR imaging is used, because small venous anomalies not visible on preoperative studies may be noticed in the surgical cavity following resection of the CMs.
Based on the results of digital subtraction angiography, Kamezawa, et al., 21 characterized venous drainage in patients with CMs into two types: classic venous drainage and atypical venous drainage. They defined atypical venous drainage as occurring when the venous structures had no connection to the transcortical venous system. In their series, high-resolution MR imaging showed a 78.6% sensitivity for typical venous drainage and only 10% sensitivity for atypical drainage. These authors suggested that atypical venous drainage (usually underestimated when MR imaging alone without angiography is used in the preoperative evaluation of patients with CMs) may be identical to the abnormal veins observed by Porter and colleagues 35 during resection of brainstem CMs. In 2003, Abe, et al., 2 suggested a careful distinction between two different clinical and histological groups of venous malformations: angiographically occult venous malformations containing compactly arranged venous channels with no smooth muscle layer and angiographically detectable DVAs with dilated thin-walled vessels diffusely distributed in the normal white matter. They reported that angiographically occult venous angiomas can be resected without causing morbidity, whereas the removal of DVAs is likely to be followed by brain swelling and hemorrhagic infarction. Authors of recent series, however, have challenged these observations and have suggested that surgical interruption of the draining vein does not necessarily result in brain edema and/or hemorrhagic infarction. 26, 48 To date, no consistent diagnostic criteria are available to predict whether interruption of DVAs associated with CMs will cause perioperative complications.
Does Associated Venous Drainage Affect the Natural History of CMs?
In general isolated DVAs are benign and the majority remain clinically silent. Although several authors 7, 28, 39 have described an aggressive clinical course of DVAs as having a high risk of hemorrhage, most of these studies were conducted before the advent of MR imaging; thus, the existence of small adjacent CMs could not be excluded. More recent clinical observations do not support these earlier reports and the findings indicate an exceedingly low risk of bleeding associated with isolated DVAs (between 0.22 18 and 0.68%). 32 Rigamonti, et al., 37 reviewed the cases of 30 patients who had DVAs and reported that, in the two patients who underwent surgery for intracranial hemorrhage presumably due to a DVA, a coexistent unsuspected CM was found at surgery. Similarly, in a retrospective study of 67 patients with DVAs, Töpper, et al., 44 reported that only the five patients who suffered an intracerebral hemorrhage had an associated CM. The current view is that DVAs are benign congenital lesions resulting from failure of normal embryogenesis. 5 This supposition is substantiated by the presence of DVAs in children, the lack of a mature venous system surrounding these lesions, the angiographic visualization of DVAs during the normal venous phase, and the observation of extensive infarcts in patients in whom the venous drainage system was surgically ligated. 18, 36 Authors of several reports have characterized the natural history of CMs. Incidental lesions and those discovered during the evaluation of nonspecific symptoms, such as headache, have a low risk of symptomatic hemorrhage ranging from 0.1 14 to 0.6% 23 per patient per year. A more aggressive behavior has been observed in younger patients, 6 in females, 3 and in patients who have suffered previous hemorrhage. 3, 23 Authors of several reports have suggested that the CMs associated with a DVA have a more aggressive clinical course. 1, 4, 10, 13, 21, 48 The pathophysiological basis of such a more aggressive clinical course is largely unknown. Little, et al., 24 have described a physiological communication between CMs and the venous circulation by measuring intraoperative cortical blood flow and intravascular blood pressure in patients with CMs. Sasaki, et al., 40 reported the intraoperative findings of the coexistence of a CM and a DVA in which they observed several small veins connecting the CM with the medullary vein. It has been suggested that latent venous hypertension in association with DVAs can predispose CMs to hemorrhage. 1 In 1999, Abdulrauf, et al., 1 conducted a retrospective analysis of 55 consecutive patients with CMs and found that 38% of those with CMs alone presented with hemorrhage as opposed to 62% of those who harbored CMs associated with DVAs. The incidence of repeated symptomatic hemorrhage was also higher in patients with coexistent lesions than in those without (23% compared with 9.5%); however, these differences did not achieve statistical significance due to the small number of cases in the mixed-phenotype group. In their review of 58 patients with CMs, Wurm, et al., 48 found that 93.3% of those harboring an associated DVA had experienced symptomatic hemorrhage, validating the theory that patients with coexistent lesions are more likely to present with symptomatic hemorrhage than are those with CMs alone.
Pathophysiology of Associated DVAs and CMs: de Novo and Recurrent Lesions
Authors of several studies have suggested that CMs are active lesions with endothelial proliferation and neoangiogenesis and are characterized by dynamic behaviors including enlargement, regression, and de novo formation. 12, 42, 43 In addition, the association of DVAs and CMs within the same lesion has generated hypotheses about the causation-evolution relationship among different types of malformations. 4 It has been postulated that abnormal hemodynamics of venous malformations might induce the formation of CMs. 4, 10, 37 Awad, et al., 4 suggested that the abnormal vascular beds of DVAs may induce hemodynamic disturbance (venous hypertension) or may be fragile enough to cause microhemorrhage that in turn might cause reactive angiogenesis with new vessel formation and coalescence. Such a process has been described as "hemorrhagic angiogenic proliferation." Alternatively, DVA-related venous outflow restriction and venous overload may open preexisting arteriovenous connections, resulting in tiny arteriovenous fistulas that can enlarge over time. 47 Finally, it has been suggested that chronically increased intraluminal pressure and resultant reduced tissue perfusion leading to tissue hypoxia may stimulate a local increase in angiogenic factors inducing the formation of vascular malformations. 47 Accordingly, Dillon 15 documented elevated venous pressure within a hemorrhagic DVA with highgrade angiographic stenosis, confirming the hemorrhagic role of venous hypertension.
In 1992, Wilson 47 described three potential causes of transient, sustained pressure elevation within a venous malformation or its distal radicles. First, sustained elevated venous pressure may be caused by outflow restriction at the site at which the trunk of venous malformation enters the central vein or the venous sinus as described by Dillon. 15 In addition progressive venous overload and hypertension can also be caused by an acute increase in intracranial venous pressure that in turn is transmitted unimpeded through the radicles of venous malformation. Finally, partial thrombosis within the collector portion of a venous malformation may lead to local increase in venous pressure in the territory deprived of its normal venous drainage. Based on these potential causes, venous malformations can be considered the primary congenital lesion when there are mixed vascular malformations in the region, and venous hypertension can be regarded as the initial pathophysiological factor leading to the formation of CMs and, in rare instances, the formation of a capillary telangectasia. De novo development of a CM has been documented at a rate of 0.36 new lesions per patient per year in familial forms. 51 Few nonfamilial cases of de novo CMs have been described, usually at the site of the distal radicles of a preexisting DVA. [8] [9] [10] 15 Maeder, et al., 27 reported the de novo appearance of a CM associated with a DVA that developed in a young boy after he underwent radiation therapy for a medulloblastoma. The occurrence of de novo lesions after radiotherapy supports the hypothesis of hemorrhagic angiogenic proliferation. In fact, it has been shown that vessels treated with radiotherapy exhibit hyalinization and fibrinoid necrosis, narrowing of the lumen, and endothelial proliferation. These changes mostly occur on the venous side where veins are dilated and occluded. 17 In addition, vessels are more friable and prone to leakage of blood products, leading to diapedetic microhemorrhage with reactive angiogenesis, new vessel formations, and coalescence. In 2005, Wurm, et al., 48 reported three recurrent lesions in 15 surgically treated patients who harbored associated DVAs and CMs in whom the large draining vein of the venous malformation was left untouched during previous interventions. It is worth noting that histopathological analysis revealed that the new lesions were different in nature (three arteriovenous angiomas in two patients and a capillary telangectasia in one patient). These findings support the concept that DVAs can be regarded as the primary lesion leading to the occurrence of mixed vascular malformations, and they suggest a continuum of progression of a single pathological process.
Surgical Treatment of Associated Venous and Cavernous Malformations
In patients with CMs associated with DVAs it is recommended that every attempt is made to spare the DVA to avoid the risk of venous infarction. [35] [36] [37] 40 The prevailing opinion is that the DVA represents an anomalous venous drainage of otherwise normal brain tissue. 36 If the main trunk is resected, venous engorgement and cerebral edema can result, at times with devastating consequences. 35 In 1999, Porter and coworkers 35 in their series of surgically treated brainstem cavernomas reported one postoperative death due to a cerebellar hemorrhagic infarction related to surgical compromise of the associated DVA. In addition, nonhemorrhagic infarction has been reported after spontaneous thrombosis of a venous malformation, validating the concept that venous anomalies are essential for the drainage from normal brain tissue. 22 Authors of some surgical reports, however, have challenged this prevalent thinking, describing significant operative treatment of DVAs. 26, 28, 50 On the basis of histological findings of surgical specimens, Yamada, et al., 50 defined the venous malformations that can be safely resected as "pericapillary arteriovenous malformations." In a recent provocative report, Wurm and coworkers 48 proposed the coagulation and division of the transcerebral vein of the DVA to prevent recurrence of CMs. In their series of 15 patients with DVAs and CMs, they resected the CM and divided the transcerebral vein of the DVA in nine patients-in six during the first operation and in the remaining three patients after recurrence of the associated CM with symptomatic hemorrhage. They observed no brain swelling intraoperatively, and the postoperative course was uneventful in all nine patients. Although we do not recommend dividing the transcerebral vein of associated venous malformation, we think that further investigation into the issue of DVAs associated with CMs is warranted to improve our understanding of the pathophysiology of CMs. It cannot be excluded that by treating the CM we are treating the result of the so-called "hemorrhagic angiogenic proliferation" and not the disease itself, which may indeed be the DVA.
